650 °C under 1040 sccm of hydrogen for 5 mins. The fibers are then introduced to ethylene gas at 23 350 sccm for 3 mins to deposit aligned MWCNTs that are approximately 19 µm long. Additional 24 details of MWCNT growth and composite manufacture have been discussed elsewhere [23] , [25] , 25 [50], [51] . Prior to resin infusion, the fiber stack is kept at about 150 °C for approximately two 26 hours under vacuum conditions (740 mm Hg) to remove any residual moisture content. The RTM6 27 epoxy resin is then degassed at around 80 °C and is introduced in a controlled fashion into the 28 laminate at approximately 90 °C [25] . The composite is then cured at about 160 °C and post cured 29 at 180 °C. The density of the cured baseline and CNT composites, measured using helium 6 pycnometry were found to be ((1.58 ± 0.01) g/cm 3 ) and ((1.61 ± 0.01) g/cm 3 ) respectively. These 1 values are in agreement with those determined using direct mass and dimensional measurements 2 on the composites, indicating minimal void content. The void content on these composite 3 specimens as estimated from previous study by Wicks et al. is less than 2 % by volume [21] , [28] . 4 An illustration of the hierarchical CNT composite has been presented in Fig. 1 . A tile saw cooled with water, was used to machine the sample length and width. The cut sides of 15 the samples were wet polished in the following order: 600, 800, 1200 and finally 2000 grit silicon 7 carbide paper. Two different sample lengths were used for flexure testing and short span testing. 1 The length of flexure specimens was approximately 52 mm. The length of the short span specimens 2 was approximately 17 mm. The deviation in the length, within each specimen, was less than ± 0.1 3 mm. The width for all the specimens was approximately 4.25 mm. The deviation in the width, 4 within each specimen was less than ± 0.2 mm (as per ASTM 79 [52] ) for over 90 % of the 5 specimens tested. The thickness of all specimens was approximately 2.35 mm and within the 6 tolerance limits of ± 0.2 mm (as per ASTM 790 [52] ) for each specimen. Three exposure conditions 7 namely, Hydro (Hy) (nominally 25 °C, tmax = 180 d), Hydrothermal short (HT-S) (nominally 60 8 °C, tmax = 15 d) and Hydrothermal long (HT-L) (nominally 60 °C, tmax = 90 d) were chosen. The 9 samples were sealed in a glass jar filled with deionized water using a rubber stopper wrapped in 10 polytetrafluoroethylene (PTFE) film prior to application of the above-mentioned temperature 11 exposures. The exposed samples were compared against control specimens (Ctrl) that were stored 12 at room temperature in air. During the exposure period (tmax), the samples were removed 13 periodically from the glass jars, thoroughly wiped to remove excess water, and weighed using a 14 balance of ± 0.01 mg resolution before being placed back into the jar. The Hy, the HT-L, and the 15 HT-S exposures were conducted using a sample population of n = 6, n = 5, and n = 4 specimens, 16 respectively. At the end of the exposure period, the samples were removed from the water and kept 17 under desiccating conditions inside a bell jar filled with anhydrous calcium sulfate. They were 18 maintained under these conditions until the mean specimen mass was nominally within ± 0.05 % 19 of its original value. 20 2.3.Mass uptake water:
21
The mass gain, Me (%), measured as a function of exposure time is calculated as per Eqn. 1 given 22 below,
where Mt is the mass of the composite at exposure time t, and Mi is the initial mass of the 25 composite before exposure. The 3-point bend test (ASTM D790 [52] ) was used to characterize the strength and the bending 2 modulus of composite materials. The term apparent flexure strength is used in place of flexure 3 strength for the flexure specimens, and breaking strength in the case of short span specimens, due 4 to the non-conformity of the specimen widths and spans to the ASTM D790 [52] standard. Further, 5 the breaking stresses for the short-specimens have been included to qualitatively compare the 6 reduction in breaking strength changes observed in flexure and the short specimens (different span 7 to depth ratio) for both composite types. All the tests were conducted using a 5 kN load cell, on an 8 electromechanical, universal test frame at ASTM prescribed loading rates. The mechanical testing 9 was often coupled with in situ acoustic and electrical measurements mentioned below. An 10 illustration of the entire test set-up has been provided in Fig. S1 . 11 2.5.Acoustic testing 12 Acoustic testing was conducted using a commercially available acoustic emission system with a 13 preamplifier to power an acoustic sensor (analog bandwidth of 50 kHz to 400 kHz) at a resonant 14 frequency of about 150 kHz. The sensor was placed on the top loading anvil of the 3-point bend 15 apparatus and was acoustically coupled to the surface using vacuum grease. All experiments were 16 conducted at a pre-amplification of about 20 dB with a 40 dB threshold limit to eliminate 17 background noise interference. Calibrations of the system were conducted using ASTM E976 [53] 18 to confirm the repeatability of the sensor and to determine the pre-amplification levels required for 19 the measurement. The DC electrical conductivity was measured using a two-probe technique (Fig. S1, Fig. S2 , and 22 Fig. S3 ). Contact pads (approximately 5 mm long) were placed at both ends of the composite and 23 were generated by a three-step process. First, a nominal 5 nm chromium coating was sputter 24 deposited. Then, a nominal 100 nm gold film was sputter deposited on the chromium layer at 25 pressures close to 0.1 Pa. The chromium coating was used to promote adhesion between the gold 26 film and the composite surface. Finally, a thin coating of silver paste was applied onto the gold 27 surface ( Fig. S1 ). Silver-coated copper wires (approximately 1.11 mm OD) were adhered to the 28 contact pads for conducting the electrical measurements.
9
The circuit diagram for the electrical measurement is provided in Fig. S2 . The specimen is attached 1 in series with a 1.5 kΩ resistor to prevent damage from excessive current flow. A DC voltage of 2 about 7 V was applied across the circuit and the corresponding voltage drop across the specimen 3 was recorded continuously using a digital multimeter interfaced to a computer. The circuit current 4 was monitored using a handheld multi-meter and the resistance change was computed as a function 5 of the voltage change. Prior to the mechanical testing, a current-voltage (I-V) curve was generated 6 by sweeping the voltage between 1 V and 10 V. The I-V curves (not shown) exhibit linear behavior 7 with no hysteresis within this range. The sample resistivity (Ω-cm) calculated for the CNT Ctrl, 8 CNT Hy and CNT HT-S specimens using the 2-probe method are (17.43 ± 6.57), (30.38 ± 6.38), 9 and (23.94 ± 8.96), respectively. It is noted that the reported resistivity values are not absolute as 10 they have not been corrected for the various contact resistances involved during the two-probe 11 measurement. In the context of this manuscript, resistivity is used as a qualitative metric to 12 compare damage accumulation during the bending of aged and unaged CNT specimens. pressure was maintained consistent across specimens using the LED indicator on the front of the 7 ATR accessory, and 256 individual scans were collected at a resolution of nominally 4 cm -1 8 between 650 cm -1 and 4000 cm -1 . The spectral baseline manipulation was carried out by subtracting 9 baseline curves created using a commercially available software. For each exposure condition, 4 10 individual spectra were collected and normalized against the 1514 cm -1 peak corresponding to the 11 C-C stretching vibration of the aromatic ring [54] . The effect of oxidation in the amine peaks were 12 characterized by averaging the spectral intensities at 3398 cm -1 . Typical standard uncertainties for 13 spectra measurement are ± 4 cm -1 in wavenumber and ± 1 % in peak intensity. 
Results and Discussion
Understanding the aging process and its effect on the performance of FRPs requires a thorough 23 experimental methodology. First, we address whether the presence of a small volume-percent of 24 CNTs can affect the water diffusion which eventually influences the rate of chemical changes in a 25 fiber-resin system. Next, a unique combination of in situ acoustic and electrical measurements are imaging to identify the potential for polymer and fiber degradation, and to support the hypothesis 1 of fiber/polymer interfacial failure. The water uptake of the flexure specimens is shown in Fig. 2 . The mass fraction of water absorbed 4 at Hy conditions after about six months was (0.92 ± 0.04) % and (0.75 ± 0.04) % for baseline and 5 CNT composites, respectively ( Fig. 2a ). This increased to (1.18 ± 0.04) % for baseline composites 6 and (0.98 ± 0.11) % for CNT composites, in roughly half the exposure time at HT-L conditions 7 ( Fig. 2b) . As the fiber mass fraction across the test specimens was similar (54.56 ± 1.45) % ( Table   8 1), the differences in the water absorption percentages between the baseline and CNT composites 9 is attributed to the presence of 1 % by volume (≈ 2 % by mass) CNTs which reduce the overall 10 resin content. Assuming all the water to be completely absorbed by the resin with a minimal void 11 content, the normalized (resin mass fraction based), near-equilibrium water content percentages at 12 HT-L conditions was calculated to be (2.59 ± 0.64) % for the baseline composites and (2.27 ± 13 0.80) % for the CNT composites. This is in agreement with the observations of a previous study, 14 where the RTM6 resin was found to absorb around 2.23 % of its mass by water, under similar 15 exposure conditions [56] (calculations in supporting info. Table S1 and Fig. S4 ). 
where Ms % is the simulated mass gain as a function of exposure time, Mm % is the mass gain of 14 the composite at saturation, α is the probability of a water molecule to move from a combined to 15 a free phase,  is the probability of a water molecule moving from a free phase to a combined phase, D is the diffusion coefficient (cm 2 /s), and d is the thickness of the sample (cm). where  is the stress in the midpoint (MPa), P is the applied force at a given point on the load 10 deflection curve (N), L is the support span (mm), b is the specimen width (mm), and d is the 11 specimen thickness (mm).
12
The strain (ε) experienced by flexure specimens as a function of loading conditions were calculated 13 using Eqn. 4 (ASTM D790) [52]and termed as strain to failure (εf) at sample failure. where ε is the strain in the other surface (mm/mm), T is the maximum deflection at the center of 17 the beam (mm), L is the support span (mm), and d is the specimen thickness (mm).
18
The apparent flexure strengths of the flexure specimens prior to exposure were estimated to be 19 (224 ± 15) MPa and (188 ± 23) MPa for baseline (Ctrl) and CNT (Ctrl) composites ( Fig. 4a of temperature and exposure period on the degradation kinetics of the baseline specimens, both 26 composite types (baseline and CNT) were subjected to a long-term, room-temperature exposure (Hy), where, even after a six-month duration, no strength reductions were observed in either 1 composite type ( Fig. 4a and 4b) . Therefore, it is evident that the degradation mechanism becomes 2 active only at higher temperatures in the presence water. A minimum solvent concentration for 3 failure was not determined, but the strength reductions in the baseline composites were found to 4 occur even at sub-equilibrium water content ( 1 %), at high temperatures. Though the baseline 5 composites undergo a significant loss in the apparent flexure strength, they show no decline in 6 their bending moduli (E) (Eqn. 5) after any environmental exposure, which indicates the absence 7 of extensive fiber or polymer degradation in these systems [42] (Table 3) .
where E is the bending modulus (chord modulus) (GPa), σ2 and σ1 are the flexural stresses (MPa) 10 calculated from Eqn. 3 at predefined points on the load deflection curve, and ε2 and ε1 are the 11 flexural strains (mm/mm) corresponding to the stress values, calculated using Eqn. 4 12 When compared to the baseline composites, the CNT composites were found to exhibit invariant 13 mechanical properties (strength and modulus) under all exposure conditions. As shown in Fig. 4b,   14 the deviations in apparent flexure strength and strain at failure for the CNT samples remain well Hy (25 °C, 180 d), and HT-S (60 °C, 15 d) conditions. The isopropyl-6-methylaniline) (MBIMA) curing agents, as shown in Fig. S7 . The averaged, mid-IR 12 spectrum of the resin-rich region within the sectioned inner cross-sections is presented in Fig. S8 .
13
The effect of water on epoxy resins can be identified by two distinct peaks: ≈ 3600 cm -1 (mobile 14 water) and ≈ 3300 cm -1 (resin bound water) [65]. Though, the hydroxyl peak at 3300 cm -1 overlaps Fig. S8 , the lack of changes in intensity at the 3600 cm -1 peak with increased exposure 3 indicates the near absence of free water within the composites. On averaging the 3398 cm -1 peak 4 intensity across normalized absorbance spectra, no significant peak shifts or intensity changes were 5 observed within the region of importance (3300 cm -1 to 3500 cm -1 ) (Fig. 8a) . This confirms the 6 absence of chemical changes in the bulk polymer resin after hydrothermal exposure. The lack of irreversible chemical changes in the epoxy matrix was further confirmed by studying 17 differences in thermal properties using DSC measurements. Fig. 8b shows the heat flow versus 18 temperature for both heating cycles in the control specimens. In cycle 1, a broad exotherm appears exotherms corresponding to unreacted epoxy were observed in cycle 1 for all the exposed 3 specimens (Fig. S9) , which suggests the absence of additional secondary cross-linking reactions 4 between water and unreacted epoxides, often observed during long term hydrothermal experiments 5
[43], [46] .
6
The potential Tg depression caused by polymer chain scission was also evaluated. The Tg values 7 of the exposed specimens remain unchanged within the uncertainties for the measurements 8 conducted, indicating the absence of structurally compromised, low density polymer chains that 9 form due to irreversible hydrolysis of the epoxy matrix (Table 4 ). Thus, by using a high Tg, 10 hydrothermally stable aerospace resin, we eliminate matrix degradation as a possible cause of 11 strength loss at these exposure conditions. 12 Though precipitates of alumina hydrolysis (bayerite and boehmite) were identified on the external 5 fiber surfaces (direct water contact) of the exposed baseline and CNT composites (Figs. S10-S12), 6 no evidence of these deposits were found on failed, internal cross-sections after the hydrothermal 7 exposure, as previously shown using SEM ( Fig. 7 and Fig. 9 ). CNT fiber pullouts and CNT fractures, that preserve the structural properties of the CNT 9 composites (Fig. 10) . This prevents onset of early sample failure and prolongs the operation cycle 10 of these multifunctional composites. The increasing demand for commercialization of CNT reinforced fiber composites makes it 20 important to understand their degradation characteristics under environments that induce aging.
21
With no prior study on the effects of aging environment on the interfacial properties of CNT 
